Study design: Repetitive transcranial magnetic stimulation study. Objectives: The analgesic effects of repetitive transcranial magnetic stimulation (rTMS) in chronic pain have been the focus of several studies. In particular, rTMS of the premotor cortex/dorsolateral prefrontal cortex (PMC/DLPFC) changes pain perception in healthy subjects and has analgesic effects in acute postoperative pain, as well as in fibromyalgia patients. However, its effect on neuropathic pain in patients with traumatic spinal cord injury (SCI) has not been assessed. Setting: Merano (Italy) and Salzburg (Austria). Methods: In this study, we performed PMC/DLPFC rTMS in subjects with SCI and neuropathic pain. Twelve subjects with chronic cervical or thoracic SCI were randomized to receive 1250 pulses at 10 Hz rTMS (n = 6) or sham rTMS (n = 6) treatment for 10 sessions over 2 weeks. The visual analog scale, the sensory and affective pain rating indices of the McGill Pain Questionnaire (MPQ), the Hamilton Depression Rating Scale and the Hamilton Anxiety Rating Scale were used to assed pain and mood at baseline (T0), 1 day after the first week of treatment (T1), 1 day (T2), 1 week (T3) and 1 month (T4) after the last intervention. Results: Subjects who received active rTMS had a statistically significant reduction in pain symptoms in comparison with their baseline pain, whereas sham rTMS participants had a non-significant change in daily pain from their baseline pain.
INTRODUCTION
Human brain imaging studies as well as animal model studies have emphasized the role of brain plasticity and cortical reorganization in chronic pain. If delivered repetitively, transcranial magnetic stimulation (TMS) can also modulate cortical excitability and induce long-lasting neuroplastic changes. 1 Stimulating the human cortex using repetitive TMS (rTMS) temporarily reduces clinical and experimental pain. However, it is unclear which cortical targets are the most effective, and the mechanisms of central pain relief remain poorly understood. 2 To date, most studies have targeted the primary motor cortex (M1), mainly contralateral to the pain side, 3 whereas fewer studies reported analgesic effects after stimulation of other cortical areas, such as the prefrontal cortex (PFC)/dorsolateral PFC (DLPFC). [4] [5] [6] [7] [8] Also for managing neuropathic pain in subjects with spinal cord injury (SCI), M1 has been a popular target, [9] [10] [11] [12] [13] [14] but it is unclear whether M1 is the only effective cortical target. To date, no studies have thoroughly investigated the effects of stimulation of other cortical targets (that is, PFC, parietal areas, supplementary motor area, primary or secondary somatosensory cortex) on neuropathic pain in SCI patients. In particular, stimulation of the DLPFC remains to be studied, according to the proven efficacy of this target in depression and the well-known relation between chronic pain and depression.
The analgesic mechanisms of rTMS to the PFC/DLPFC seem not to be the same as those of M1 stimulation 15 and may include top-down modulation of the medial spinal thalamic system with a preferential effect in the affective and evaluative aspects of pain. [16] [17] [18] rTMS for M1 and DLPFC promotes differences in the central processing of heat and cold stimuli, and acts on neuronal networks that are involved in cold pain processing. 15, 19 To the best of our knowledge, there are no studies of high-frequency rTMS over the left DLPFC for SCI, despite the body of evidence to support the antidepressant effect of high-frequency rTMS of the left DLPFC. 2 As the stimulation of prefrontal regions has been demonstrated to be effective in the treatment of depression, and there is a close relationship between depression and chronic pain, 20, 21 the potential value of this target should be better evaluated. rTMS may modify overlapping mood and pain regulation circuitry, particularly with stimulation of left DLPFC.
We hypothesized that subjects with SCI might experience a clinically significant reduction in daily pain after stimulation of the left PFC/DLPFC.
MATERIALS AND METHODS Patients
Twelve subjects with cervical or thoracic SCI were enrolled in the study. The subjects were randomly assigned into two groups: six subjects received active rTMS and six subjects received sham rTMS. Clinical and demographic features of the subjects are shown in Table 1 .
All of the subjects had chronic pain with exclusively or predominantly neuropathic character, fulfilling the International Association for the Study of Pain criteria for central neuropathic pain, 22 at and/or below the level of injury.
The pain intensity was at least 4/10 in the visual analog scale 23 despite rehabilitation and pharmacological treatment.
Other inclusion criteria were recordable motor-evoked potential with an amplitude of at least 0.1 mV in relaxed first dorsal interosseous after TMS, and the ability to give informed consent and comprehend instructions.
Exclusion criteria were significant medical or psychiatric illnesses (except for reactive depression), history of epilepsy or seizures, pregnancy or metal objects in the head.
All the subjects were previously treated with antidepressant, anticonvulsants and analgesics for a minimum period of 6 months, in accordance with the International Association for the Study of Pain guidelines for neuropathic pain treatment. 24 All the subjects provided informed consent before participation in this study, which was performed according to the Declaration of Helsinki and approved by the local Ethics Committee.
Transcranial magnetic stimulation
The subjects were seated in a comfortable reclining chair and asked to keep their hands as relaxed as possible. Magnetic stimulation was applied with a MagStim Super Rapid magnetic stimulator (Magstim Company, Whitland, UK), using a figure-8-shaped coil oriented at a tangent to the scalp, with the main phase of the induced current in the anterior-posterior direction, and fixed to an arm that could be adjusted in three dimensions. 25 The subjects were fitted with earplugs during rTMS. Sham stimulation was carried out with a sham coil of identical size color and shape emitting a sound similar to that emitted by the active coil. Resting motor threshold was determined by single-pulse stimulation of the left M1. Motor-evoked potentials were recorded for the right first interosseous muscle (first dorsal interosseous), with an electromyogram amplifier module and surface electrodes. Resting motor threshold was defined as the lowest intensity required to elicit a motor-evoked potential of at least 50 mV in 50% of the successive trials. 26 As the left PFC was the cortical target, a mark was made 6 cm anterior to the M1 target. This may be reasonably accurate with respect to locating Brodman's area 9, given that standard '5-cm rule' compared with image-guided TMS coil positioning for DLPFC can be~1 or 2 cm posterior to target location at least 30% of the time. 27, 28 We opted not to employ neuronavigation procedures also in order to maximize the potential feasibility of the protocol for widespread use. During active and sham stimulation, the TMS coil was aligned in a postero-anterior orientation, 6 cm from the area that produced right first dorsal interosseous muscle movement for resting motor threshold testing. The participants were subjected to daily rTMS sessions (five per week) for 2 weeks. Each session consisted of 25 series of 5-s pulses of 10 Hz with an interval of 25 s between each train of rTMS, totaling 1250 pulses per session. The intensity of stimulation was 120% of the resting motor threshold. All the rTMS sessions were performed by two trained neurophysiologists who were blinded to the clinical evaluation and had no role in data collection.
Clinical assessment
Pain and mood assessments were performed at baseline (T0), 1 day after the first week of treatment (T1), 1 day (T2), 1 week (T3) and 1 month (T4) after the last intervention.
Pain was assessed by an investigator blinded to the type of rTMS subjects were receiving.
The primary outcome variables were as follows: (1) a generic unidimensional pain questionnaire and the visual analog scale (0-10), a continuous scale comprising a horizontal line, usually 10 cm in length, anchored by two verbal descriptors, one for each symptom extreme; (2) a generic multidimensional pain questionnaire, the sensory pain rating index (score 0-42) and the affective pain rating index (score 0-14) of the MPQ 29 that describe pain characteristics in two dimensions of pain, sensory qualities (word groups 1-10 and 17-19; described in terms of temporal, spatial, pressure, thermal and other properties) and affective qualities (word groups 11-15, 20; described in terms of tension, fear and autonomic properties), respectively.
Secondary clinical outcomes were the effects on mood symptoms; the multiple item questionnaires Hamilton Rating Scale for Depression (HAM-D, 30 mild: score 8-13; moderate: 14-18; and severe: 419) and the Hamilton Anxiety Rating Scale (HAM-A, 31 mild: 14-17; moderate: 18-24; and severe: ⩾ 25) were used.
Statistical analysis
Statistics were carried out using the software environment R (R Core Team, Vienna, Austria, (2013)), including the package nparLD, with fully nonparametric analysis of variance-type testing, for which a rank-based finite sample approximation based on quantiles of the F distribution is derived. 32 Thus, we included the between-factor group (active rTMS vs sham rTMS) and the within-factor time (T0, T1, T2, T3 and T4).
As the samples are small, we avoided multiple testing of each single pain score and instead built a sum score of visual analog scale and the two sub-scales of MPQ (sensory pain rating index and affective pain rating index). For this, we normalized the MPQ sub-scales to have values between 0 and 10, by dividing them through the maximal achievable value (that is, 33 and 12) and then multiplying them by 10. This resulted in three variables ranging from 0 to 10 (visual analog scale, MPQ1Adjusted and MPQ2Adjusted). We then defined the sum score to be the sum of these three variables. By normalizing before summation, we made sure that each variable contributed to the sum score equally. Without normalization, for example, the MPQ subscale sensory pain rating index would have skewed the sum score by contributing a potentially larger value than each of the other two could, even though not being deemed more important for clinical outcome. For illustration purposes, also the scores of HAM-D and HAM-A were normalized to values between 0 and 10 on the rTMS of the prefrontal cortex R Nardone et al plots. The latter two variables were considered secondary and were analyzed using a Bonferroni-Holm multiple testing correction. Post hoc tests were applied in case of a significant main effect in the within-subject factor time. For this, we also used nparLD and corrected the P-values according to Holm-Bonferroni.
As a measure of effect, we used the relative treatment effect (RTE), which can be interpreted as follows: a RTE of 0.3 for a subgroup of our sample means that the probability of a randomly drawn subject from the whole sample having a lower score than a randomly drawn person of the subgroup is estimated to be 30%. Thus, the RTE is a number between 0 and 1. A RTE of 0.5 means no effect (that is, a randomly drawn person from the whole sample has a 50-50 chance of achieving a lower value than a randomly drawn person from the subgroup). A RTE o0.5 means a tendency for subjects in a subgroup to score lower than a random subject from the whole sample. A RTE 40.5 means a tendency for subjects in a subgroup to score at least as high as a randomly drawn subject from the whole sample.
RESULTS
All the subjects tolerated the study well. Two subjects undergoing active rTMS reported slightly unconfortable twiching of facial muscles during rTMS. Table 2 shows the results of the functional outcome scores at the different time points after rTMS application.
The analysis of variance-type test for the sum score of pain revealed a significant main effect for group (F (1,∞) = 1.71; P = .02; RTE = 0. The RTE of 0.41 for the treatment is o0.5, thus indicating that treatment resulted in a lower score. The RTEs for time indicate that at T0 and T1 subjects tended to have a much lower score than at the other time points. When looking at the RTEs for the interaction between treatment and time one can see that this is due to subjects in the treatment group scoring much lower at those time points, whereas subjects in the sham group did not differ much in their scores over time. Figure 1 illustrates the results for the three normalized pain-scores individually, as well as the sum score. During treatment, the pain-scores decreased in the treatment group but not in the sham group. According to post hoc tests, a significant (F (1,∞) = 14.80; Po.001; RTE = 0.28 for treatment) difference between groups was reached after the 2 weeks of treatment. In the follow-up period, the pain rebounded to pre-treatment scores in the treatment group.
The analysis of variance-type test for HAM-D revealed a significant main effect for time (F (2.19,∞) = 13.34; Po.001; RTEs = 0.57, 0.52, 0.40, 0.46 and 0.56 for T0, T1, T2, T3 and T4, respectively), indicating a worsening of depressive symptoms between T1 and T2, with a subsequent return to previous values, and a significant interaction between group and time (F (2.19,∞) = 10.35; Po.001; RTEs for treatment: 0.67, 0.62, 0.36, 0.49 and 0.67 for T0, T1, T2, T3 and T4, respectively; RTEs for sham: 0.47, 0.42, 0.43, 0.43 and 0.45 for T0, T1, T2, T3 and T4, respectively), indicating that the main effect for time can be explained by subjects in the treatment group experiencing a large drop in depressive symptoms between T1 and T2, whereas Table 2 Primary and secondary functional outcome scores: baseline values and changes after rTMS application T0 T1 T2 T3 T4  T0 T1 T2 T3 T4  T0 T1 T2 T3 T4  T0 T1 T2 T3 T4  T0 T1 T2 T3 T4  6 The analysis of variance-type test for HAM-A revealed no significant effects. Figure 2 illustrates the results for HAM-D and HAM-A scores. Similar to the pain-scores, anxiety decreased during treatment but reached pre-treatment levels in the follow-up period. There were no sham effects on anxiety, and neither active nor sham rTMS significantly affected depression.
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DISCUSSION
We found that 10 sessions of high-frequency left prefrontal rTMS resulted in statistically significant reductions in daily pain over time in a group of TMS-naive outpatients. In contrast to our results, analgesic effect of rTMS was found to be not superior to placebo on intractable neuropathic pain in SCI in another recent study. 33 This discrepancy can be explained by the different target, as the rTMS was applied over the vertex.
rTMS applications over the M1 also failed to demonstrate analgesic effects. Lefaucheur et al. 9 applied high-frequency rTMS over the M1 in 60 patients with drug-resistant neurogenic pain, including 12 subject with SCI. The effects were significantly influenced by pain origin and site, and the results were worse in subjects with spinal cord and brainstem lesions. Defrin et al. 11 found similar improvement in pain by real and sham rTMS after 10 treatment sessions in 11 subjects with central pain of spinal origin. Kang et al. 12 reported no reduction in average pain in 11 subjects with chronic complete and incomplete SCI after a 5-day treatment.
The findings of our study are consistent with several functional neuroimaging studies showing that the prefrontal cortex is critically involved in pain modulation 18, 34, 35 and also in patients with neuropathic pain following SCI. 36, 37 Atrophy of the DLPFC has been consistently found in previous brain morphometric studies of various chronic pain conditions, [38] [39] [40] and previous neuroimaging studies suggested that the DLPFC has a central role in top-down pain processing. A positron emission tomographic imaging study has shown that, in painful thermal stimulation of normal and capsaicin-treated skin in healthy volunteers, the activity of the DLPFC was negatively correlated with the intensity of perceived pain and unpleasantness; moreover, an inhibition of the neuronal coupling between the midbrain and thalamus was observed during high activity of the left DLPFC. 18 On the other hand, experimental studies have revealed that stimulation of the PFC can minimize noxious behavior and reduces the activity of the midbrain areas involved in the processing of pain. 16, 17 More specifically, it has been recently observed in subjects with chronic neuropathic pain after SCI that metabolism and the gray matter volume decrease in the left DLPFC compared with healthy controls, as well as hypometabolism in the medial PFC, and gray matter volume loss in bilateral anterior insulae and subgenual anterior cingulate cortices. 41 These brain regions are generally known to participate in pain modulation by affective and cognitive processes.
Pain modulation circuitry may involve PFC, anterior cingulate cortex, periaqueductal gray and ventral medial medulla. 42 It has been hypothesized that chronic repetitive stimulation of the PFC initiates a cascade of events in the PFC and in connected limbic regions. 28 Prefrontal TMS sends information to important mood-regulating regions including the cingulate gyrus, orbitofrontal cortex, insula and hippocampus and may induce dopamine release in the caudate nucleus. 28, 43 High-frequency rTMS in the DLPFC might activate rostral anterior cingulate activity and pain control circuitry to facilitate the placebo response by endogenous opioid release. 44 In fact, rTMS of the left DLPFC exerts strong modulation of the brain activity in the frontal-cingulate circuit involved in mood control 43, 45 and also improved pain in patients with major depression regardless of its antidepressant action, suggesting a primary antalgic action. 46 A recent study identified that high-frequency rTMS of the left DLPFC leads to reduced allodynia pain ratings and further found that this analgesia was associated with increased activity in the DLPFC and decreased activity in the anterior cingulate cortex, thalamus, midbrain and medulla. Roles of the DLPFC in attentional processes 47 and executive function 48 are also believed to be related to cognitive modulation of pain processes.
Interestingly, experimental pain studies have shown that rTMS of the DLPFC can suppress the perceived control on the emotional dimension of the pain experience. 5 rTMS of left DLPFC may thus modify overlapping mood and pain regulation circuitry. The antidepressant and analgesic effects might share common mechanisms. In the present study, SCI patients experienced a clinically significant reduction in their daily neuropathic pain even if rTMS was administered in a manner different from rTMS antidepressant protocols.
Nevertheless, we found a decrease in depression at the end of the 2 weeks of active rTMS versus sham treatment. Therefore, pain reduction occurred before changes in mood, similar to what has been reported after rTMS in subjects with fibromyalgia. 8 As both depression and anxiety are comorbid features in subjects with SCI, other studies are necessary to verify this important issue.
In subjects with central post-stroke pain, no significant analgesic effects were found after rTMS of DLPFC. 49 Different pain syndromes may respond differently to rTMS protocols, depending on the use of different targets and sides of stimulation. The absence of analgesic effects of premotor cortex/DLPFC rTMS in central post-stroke pain may suggest a different pain generation and modulation mechanism specific to this patient population.
The method of coil location utilized was the same as used for the treatment of depression 50-52 but was not neuronavigated. There is evidence that the neuronavigation-guided targeting of DLPFC offers greater precision in the location of the target 53 and DLPFC can be rTMS of the prefrontal cortexalmost 2 cm more anterior 26 than the point found by the 5-cm rule. This is why we chose to name it premotor cortex/DLPFC. 15, 54 Also, scalp sensations are clearly different between active and sham rTMS sessions. This issue concerns rTMS trials in general, and it has been neglected in the vast majority of studies available so far. However, because the patients were rTMS naive and the study had a parallel design, it is likely that the influence of higher discomfort during rTMS in the active group had a minor role in the different findings of the present study.
Even if care must be taken before drawing conclusions from reports with a small sample size, this is the first study showing that multiple sessions of rTMS on left premotor cortex/DLPFC are effective in relieving chronic pain in SCI patients. These results confirm that rTMS may represent a promising therapeutic tool in chronic pain, and attest to an actual biological effect of the active rTMS applied on this target. rTMS has the main advantage that is non-invasive and can be applied to any patient with pain who are resistant to the pharmacological treatment. However, its clinical effect is short lasting, and rTMS cannot be considered as a long-term treatment method. It should be addressed in further studies whether the short-lasting pain reduction found in this preliminary report may have therapeutic significance. Different rTMS protocols in combination with pharmacological approaches should also be evaluated. Overall, a personalized approach with respect to affective emotional components of pain might enhance the analgesic effect of rTMS in individuals with neuropathic pain.
